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(54) SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING THE SAME

(57) A semiconductor device includes a first channel
layer (131) and a second channel layer (132) spaced
from each other in a first direction (Z) and each include a
two-dimensional (2D) semiconductor material, a first
source electrode (151) between the first channel layer
and the second channel layer to be simultaneously in
contact with the first channel layer and the second chan-
nel layer, a first drain electrode (161) between the first
channel layer and the second channel layer to be spaced
apart from the first source electrode in a second direction
(X) perpendicular to the first direction and simultaneously
in contact with the first channel layer and the second
channel layer, a first gate electrode (191) arranged in a
first internal space surrounded by the first source elec-
trode, the first drain electrode, the first channel layer, and
the second channel layer, and a first gate insulating layer
(171) surrounding the first gate electrode in the first
internal space.
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Description

FIELD OF THE INVENTION

[0001] Various non-limiting example embodiments re-
late, in general, to a semiconductor device and/or to a
method of manufacturing the semiconductor device.

BACKGROUND OF THE INVENTION

[0002] A transistor is a semiconductor device with an
electrical switching function and is used in various inte-
grated circuit devices including memory devices, driving
integrated circuits (ICs), logic devices, etc. In order to
improve the integration degree of an IC device, a spaced
occupied by a transistor included therein has been ra-
pidly reduced. As such, a channel length of the transistor
is reduced, and/or thicknesses of layers forming the
transistor are reduced as well.
[0003] Because silicon semiconductors are reaching
limitations in physically reducing a gate length, a three-
dimensional (3D) structure capable of increasing a direct
contact area of a gate around the channel has been
suggested in order to obtain an additional gate control.
[0004] Additionally or alternatively, interest in two-di-
mensional (2D) semiconductors,which are thin semicon-
ductor materials with better gate control than silicon, has
increased. A processing method of manufacturing a 3D
transistor structurebyusinga2Dsemiconductormaterial
has been sought.

SUMMARY OF THE INVENTION

[0005] Provided are a semiconductor device and/or a
method of manufacturing the semiconductor device by
using a two-dimensional (2D) semiconductor material.
[0006] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent
from the description, or may be learned by practice of the
presented embodiments of the disclosure.
[0007] According to someexample embodiments, pro-
vided is a semiconductor device including a first channel
layer and a second channel layer arranged to be spaced
apart in a first direction with the first channel layer includ-
ing a first two-dimensional (2D) semiconductor material
and the second channel layer including a second 2D
semiconductor material that is the same as or different
from the first 2D semiconductor material, a first source
electrode between the first channel layer and the second
channel layer to be simultaneously in contactwith the first
channel layer and the second channel layer, a first drain
electrode between the first channel layer and the second
channel layer to be spaced apart from the first source
electrode in a second direction perpendicular to the first
direction, and tobesimultaneously in contactwith thefirst
channel layer and the second channel layer, a first gate
electrode in a first internal space surrounded by the first
source electrode, the first drain electrode, the first chan-

nel layer, and the second channel layer, and a first gate
insulating layer surrounding the first gate electrode in the
first internal space.
[0008] Alternatively or additionally according to var-
ious example embodiments, provided is an electronic
apparatus including a semiconductor device, and a con-
troller configured to control the semiconductor device,
wherein the semiconductor device includes a first chan-
nel layer and a second channel layer arranged to be
spaced in a first direction with the first channel layer
including a first two-dimensional (2D) semiconductor
material and thesecondchannel layer includingasecond
2D semiconductor material the same as or different from
the first 2D semiconductor material, a first source elec-
trode between the first channel layer and the second
channel layer to be simultaneously in contact with the
first channel layer and the second channel layer, a first
drain electrode between the first channel layer and the
second channel layer to be spaced apart from the first
source electrode in a second direction perpendicular to
thefirst direction, and tobesimultaneously in contactwith
the first channel layer and the second channel layer, a
first gate electrode in a first internal space surrounded by
the first sourceelectrode, the first drain electrode, the first
channel layer, and the second channel layer, and a first
gate insulating layer surrounding the first gate electrode
in the first internal space.
[0009] Alternatively or additionally according to var-
ious example embodiments, provided is a method of
manufacturing a semiconductor device, including form-
ing a first channel layer including a first two-dimensional
(2D) semiconductor material, and forming a first source
electrode and a first drain electrode that are in contact
with the first channel layer and spaced apart from each
other, forming a second channel layer in contact with the
first sourceelectrodeand thefirst drain electrode, spaced
apart from the first channel layer, and including a second
2Dsemiconductormaterial that is thesameasordifferent
from the first 2D semiconductor material, forming a first
gate insulating layer conformally along inner walls of a
first internal space surrounded by the first channel layer,
the second channel layer, the first source electrode, and
the first drain electrode, and forming a first gate electrode
in a region surrounded by the first gate insulating layer in
the first internal space.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above and other aspects, features, and
advantages of certain non-limiting example embodi-
ments will be more apparent from the following descrip-
tion taken in conjunction with the accompanying draw-
ings, in which:

FIG. 1 is a partially cut perspective view schemati-
cally showing a structure of a semiconductor device
according to some example embodiments;
FIG. 2 is a cross-sectional view schematically show-
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ing a structure of a semiconductor device according
to some example embodiments;
FIGS. 3A to 3J are diagrams for describing amethod
ofmanufacturing a semiconductor device, according
to some example embodiments;
FIGS. 4A to4Darediagrams for describing amethod
ofmanufacturing a semiconductor device, according
to some example embodiments;
FIG. 5 is a cross-sectional transmission electron
micrograph of a manufactured semiconductor de-
vice;
FIG. 6 is a schematic block diagram of a display
driver integrated circuit (IC) (DDI) and a display
apparatus including the DDI, according to some
example embodiments;
FIG. 7 is a circuit diagram of a complementary metal
oxide semiconductor (CMOS) inverter according to
some example embodiments;
FIG. 8 is a circuit diagram of a CMOS static random-
access memory (SRAM) device according to some
example embodiments;
FIG. 9 is a circuit diagram of a CMOS NAND circuit
according to some example embodiments;
FIG. 10 is a block diagramof an electronic apparatus
according to some example embodiments; and
FIG. 11 is a block diagramof an electronic apparatus
according to some example embodiments.

DETAILED DESCRIPTION

[0011] Reference will now be made in detail to some
embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numer-
als refer to like elements throughout. In this regard, the
present embodiments may have different forms and
should not be construed as being limited to the descrip-
tions set forth herein. Accordingly, the embodiments are
merely described below, by referring to the figures, to
explain aspects. As used herein, the term "and/or" in-
cludes any and all combinations of one or more of the
associated listed items. Expressions such as "at least
one of," when preceding a list of elements, modify the
entire list of elements and do not modify the individual
elements of the list.
[0012] The disclosure will be described in detail below
with reference to accompanying drawings. The embodi-
ments of the disclosure are capable of various modifica-
tionsandmaybeembodied inmanydifferent forms. In the
drawings, like reference numerals denote like compo-
nents, and sizes of components in the drawings may be
exaggerated for convenience of explanation.
[0013] Hereinafter, it will be understood that when a
layer, region, or component is referred to as being
"above" or "on" another layer, region, or component, it
may be in contact with and directly on the other layer,
region, or component, and intervening layers, regions, or
components may be present.
[0014] It will be understood that although the terms

"first," "second," etc. may be used herein to describe
various components, these components should not be
limited by these terms. These components are only used
to distinguish one component from another. These terms
do not limit the fact that materials or structures of com-
ponents are different from one another.
[0015] An expression used in the singular encom-
passes the expression of the plural unless it has a clearly
different meaning in the context. It will be further under-
stood that when a portion is referred to as "comprising"
another component, the portionmay not exclude another
component butmay further compriseanother component
unless the context states otherwise.
[0016] Also, the terms "... unit", "... module" used here-
in specify a unit for processing at least one function or
operation, and thismaybe implementedwithhardwareor
software or a combination of hardware and software.
[0017] The use of the term of "the above-described"
and similar indicative terms may correspond to both the
singular forms and the plural forms.
[0018] Also, the steps of all methods described herein
may be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by
context. Also, the use of all exemplary terms (for exam-
ple, etc.) is only to describe a technical detail, and the
scope of rights is not limited by these terms unless the
context is limited by the claims.
[0019] FIG. 1 is a partially cut perspective view sche-
matically showing a structure of a semiconductor device
100 according to some example embodiments.
[0020] The semiconductor device 100 includes a first
channel layer 131 anda second channel layer 132,which
are spaced apart from each other, and a first source
electrode 151 and a first drain electrode 161, which
are arranged between the first channel layer 131 and
the second channel layer 132 to be simultaneously in
contact with the first channel layer 131 and the second
channel layer 132, respectively. In some example embo-
diments, the first source electrode 151may act as a drain
electrode, and the first drain electrode may act as a
source electrode; example embodiments are not limited
thereto.
[0021] A first gate electrode 191 is arranged in an
internal space surrounded by the first source electrode
151, the first drain electrode 161, the first channel layer
131, and the second channel layer 132, and a first gate
insulating layer 171 surrounding the first gate electrode
191 is arranged.
[0022] A lower gate electrode 110 and a lower insulat-
ing layer 120 may be arranged under the first channel
layer 131, andanupper insulating layer 180andanupper
gate electrode 115 may be arranged or at least partially
arranged on the second channel layer 132. The lower
gateelectrode110maybe formedonasubstrateSU.The
substrateSUmaybeasemiconductor substrateandmay
include, but is not limited to, one or more of silicon,
germanium, silicon-germanium, oxide, nitride, etc.
[0023] The semiconductor device 100 according to
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various example embodiments uses a two-dimensional
(2D) semiconductor material as a channel, and a struc-
ture inwhich the 2D semiconductormaterial is in surface-
contact with the source and drain is provided.
[0024] Hereinafter, a detailed structure of the semicon-
ductor device 100 is described below.
[0025] The first channel layer 131 and the second
channel layer 132 are spaced apart from each other in
a first direction (Z-direction). The first channel layer 131
and the secondchannel layer 132each include, e.g.,may
consist of, a 2Dsemiconductormaterial. Thefirst channel
layer 131 may include the same 2D material as the
second channel layer 132, and/or may include different
materials than that of the second channel layer 132.
[0026] The 2D semiconductor material included in the
first channel layer 131 and the second channel layer 132
may include one or more of a N-type 2D semiconductor
such as one or more of MoS2, MoSe2, MoTe2, WS2, etc.
and a P-type 2D semiconductor such as one or more of
WSe2, MoTe2, PtSe2, etc.
[0027] The first channel layer 131 and the second
channel layer 132 may adopt various 2D semiconductor
materials. For example, a transition metal dichalcogen-
ides (TMD) material may be used as the 2D semicon-
ductor material. The TMD may include a metal element
selected from the group consisting ofMo,W,Nb,V, Ta, Ti,
Zr,Hf, Tc,Re,Cu,Ga, In,Sn,Ge, andPbandachalcogen
element selected from the group consisting of S, Se, and
Te. Alternatively or additionally, one ormore of graphene,
black phosphorous, amorphous boron nitride, phosphor-
ene, etc.may be used as the 2D semiconductormaterial.
[0028] The 2D semiconductor material may be doped,
e.g., with a p-type dopant such as boron or an n-type
dopant such as phosphorus and/or arsenic in order to
adjust mobility. Here, for example, the p-type dopant and
the n-type dopant used in the graphene, carbon nano-
tube (CNT), etc.maybeused. Thep-typedopant or then-
type dopant may be doped using an ion implantation or
chemical doping method.
[0029] The 2D semiconductor material is used to im-
plement a short channel length CL when the semicon-
ductor device 100 is applied as a field-effect transistor.
The channel length CL (or, physical channel length)
denotes a length of a channel region in a direction in
which a source electrode and a drain electrode are
spaced apart from each other (X-direction), that is, as
shown in FIG. 1, denotes a length of a first gate electrode
191 in the X-direction. The channel length has been
reduced according to aminiaturization trend of electronic
apparatuses. As the channel length become shorter,
issues due to a short channel effect occur. It may be
advantageous to reduce a thickness of the channel re-
gion in order to effectively reduce or help to reduce the
channel length and to prevent or improve upon the above
issues. To this end, the 2D semiconductor material is
used in the first channel layer 131 and the second chan-
nel layer 132, and thus, a reduced or minimum channel
length thatmay be implementedmay be set, e.g.,may be

set as short as possible.
[0030] The 2D semiconductor material has excellent
electrical properties, and thus, characteristics thereof are
not largely changed and highmobilitymay bemaintained
even when a thickness is reduced to a nano-scale. The
2D semiconductor material may have a monolayer, tri-
layer, or multilayer structure. Each layer in the 2D semi-
conductor material may have a thickness of an atomic
level (e.g., a single atomic layer thickness). The number
of layers of the 2D semiconductormaterial adopted in the
first channel layer 131 and the second channel layer 132
may be set in consideration of performance of the chan-
nel and a total thickness of the channel.
[0031] A thicknessof the first channel layer 131and the
second channel layer 132 may be about 10 nm (100
Angstroms) or less, for example, 5 nm (50 Angstroms)
or less, or 3 nm (30 Angstroms) or less. The thicknesses
of the first channel layer 131 and the second channel
layer 132 are not limited to the above example, and may
be further reduced. A thickness of the first channel layer
131may be the same as, or different from (thicker than or
thinner than)a thicknessof thesecondchannel layer132.
[0032] The channel length CLmay be 10 nmor less, or
8 nm or less. Alternatively, the channel length CLmay be
7 nm or less, 5 nm or less, or 3 nm or less. However,
example embodiments are not limited thereto.
[0033] The first source electrode 151 and the first drain
electrode 161 may be arranged so that lower surfaces of
the first source electrode 151 and the first drain electrode
161 may come into contact with the first channel layer
131, and upper surfaces of the first source electrode 151
and the first drain electrode 161 may come into contact
with the second channel layer 132.
[0034] When the 2D semiconductor material is in-
cluded in the first channel layer 131 and the second
channel layer 132, it may not be easy for the 2D semi-
conductor material to electrically contact the first source
electrode 151 and the first drain electrode 161 through
general semiconductor manufacturing processes. The
structure according to various example embodiments is
provided so that the 2D semiconductor material may be
electrically in contact with the first source electrode 151
and the first drain electrode 161 based onmanufacturing
processes that may be implemented. Themanufacturing
method therefor is describedbelowwith reference toFIG.
3A, etc.
[0035] According to the above arrangement of the first
source electrode 151, the first drain electrode 161, the
first channel layer131,and thesecondchannel layer132,
an internal space surrounded by the first source elec-
trode 151, the first drain electrode 161, the first channel
layer 131, and the second channel layer 132 may be
defined, and thefirst gate insulating layer 171and thefirst
gate electrode 191 are arranged in the internal space.
[0036] The first gate insulating layer 171 may be con-
formally formed along the inner wall of the internal space
surrounded by the first source electrode 151, the first
drain electrode 161, the first channel layer 131, and the
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second channel layer 132, and the first gate electrode
191 may be formed in the space surrounded by the first
gate insulating layer 171.
[0037] Asdescribed above, the first gate electrode 191
and a lower gate electrode 110 are respectively arranged
on the upper and lower portions of the first channel layer
131, and an upper gate electrode 115 and the first gate
electrode 191 are arranged on the upper and lower
portions of the second channel layer 132. The first chan-
nel layer 131 and the second channel layer 132 include
the 2D semiconductor material, and thus, the above
arrangement may provide or be arranged substantially
as a gate all around (GAA) structure.
[0038] The first gate insulating layer 171, the lower
insulating layer 120, and the upper insulating layer 180
all act as gate insulating materials, and may indepen-
dently include various insulating materials that may be
used as gate insulating materials.
[0039] The insulating material may include a high-k
dielectric material having high dielectric constant greater
than that of silicon oxide, and may include aluminum
oxide, hafnium oxide, zirconium oxide, lanthanum oxide,
etc. However, one or more embodiments are not limited
to the above example.
[0040] In some example embodiments, the insulating
material may include a ferroelectric material; however,
example embodiments are not limited thereto. The ferro-
electric material has a spontaneous dipole (electric di-
pole), that is, a spontaneous polarization, in a crystallized
material structure because the charge distribution in a
unit cell is non-centrosymmetric. Thus, the ferroelectric
material has a remnant polarization due to dipoles even
when no external electric field is applied to the ferro-
electric material. Alternatively or additionally, the direc-
tion of polarizationmaybe switchedon adomain basis by
an external electric field. The ferroelectric material may
include, for example, at least one oxide selected from
hafnium (Hf), silicon (Si), aluminum (Al), zirconium (Zr),
yttrium (Y), lanthanum (La), gadolinium (Gd), and stron-
tium (Sr). However, these materials are examples. In
addition, the ferroelectric material may further include
a dopant as necessary.
[0041] When the ferroelectric material is used as the
gate insulating material, the semiconductor device 100
may be or may correspond to a field-effect transistor that
is applied to a logic device or a memory device. Because
a subthreshold swing (SS) of the semiconductor device
100 may be lowered by the negative capacitance effect
due to the ferroelectric material, the semiconductor de-
vice 100 may act as a field-effect transistor having im-
proved performance and reduced size.
[0042] In some example embodiments, gate insulating
materialmay have amultilayer structure including a high-
k material and a ferroelectric material.
[0043] The materials in the first gate insulating layer
171, the lower insulating layer 120, and the upper insu-
lating layer 180may be the same as or different from one
another. Thematerials included in the first gate insulating

layer 171, the lower insulating layer 120, and the upper
insulating layer 180maybeset respectively tobesuitable
for a detailed method for forming materials during man-
ufacturing processes.
[0044] As shown in the drawings, the upper insulating
layer 180 is arranged in a region between the second
channel layer 132 and the upper gate electrode 115, and
may extend to the side surfaces of the first source elec-
trode 151 and the first drain electrode 161. However,
example embodiments are not limited thereto.
[0045] The first gate electrode 191, the lower gate
electrode 110, and the upper gate electrode 115 may
independently include a metal material or a conductive
oxide. Here, the metal material may include at least one
selected from the group consisting of or including, for
example, Au, Ti, TiN, TaN, W, Mo. WN, Pt, and Ni. The
conductive oxide may include, for example, indium tin
oxide (ITO), indium zinc oxide (IZO), etc.
[0046] Thematerials included in the first gateelectrode
191, the lower gate electrode 110, and the upper gate
electrode 115 may be the same as and/or different from
one another. The materials included in the first gate
electrode 191, the lower gate electrode 110, and the
upper gate electrode 115 may be set respectively to be
suitable for a detailed method for forming materials dur-
ing manufacturing processes.
[0047] The first source electrode 151 and the first drain
electrode 161may include ametal material having good,
e.g., excellent electric conductivity. For example, the first
source electrode 151 and the first drain electrode 161
may each independently or concurrently include metal
such as one or more of magnesium (Mg), aluminum (Al),
scandium (Sc), titanium (Ti), vanadium (V), chrome (Cr),
manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn),
gallium (Ga), zirconium (Zr), niobium (Nb), molybdenum
(Mo), lead (Pd), argentum (Ag), cadmium (Cd), indium
(In), tin (Sn), lanthanum (La), hafnium (Hf), tantalum (Ta),
tungsten (W), iridium (Ir), platinum (Pt), aurum (Au),
bismuth (Bi), etc., or an alloy thereof.
[0048] The substrate SU may include an insulating
substrate, or a semiconductor substrate having an insu-
lating layer formed on the surface thereof. The semicon-
ductor substrate may include, for example, Si, Ge, SiGe,
or group III-V semiconductor material. The substrate SU
may include, for example, a silicon substrate having a
silicon oxide formed on the surface thereof, but is not
limited thereto. The substrate SU may be doped, or may
be undoped.
[0049] The semiconductor device 100 includes a plur-
ality of layersof channels including the2Dsemiconductor
material, and may actually have a GAA structure. FIG. 1
shows that the semiconductor device 100 includes two
layers, for example, the first channel layer 131 and the
second channel layer 132, but may include more layers.
[0050] FIG. 2 is a cross-sectional view schematically
showing a structure of a semiconductor device 200 ac-
cording to some example embodiments.
[0051] The semiconductor device 200 differs from the

5

10

15

20

25

30

35

40

45

50

55



6

9 EP 4 539 628 A1 10

semiconductor device 100 of FIG. 1 in view of a channel
structure arranged in triple layers, and the difference is
only described below.
[0052] A second source electrode 152 and a second
drain electrode 162 are arranged on the second channel
layer 132 tobespacedapart fromeachother. Thesecond
source electrode 152and the seconddrain electrode 162
maybearranged tobe in contactwith theupper surfaceof
the second channel layer 132. A third channel layer 133
may be arranged to be in contact with both the upper
surfaceof thesecondsourceelectrode152and theupper
surface of the second drain electrode 162, at the same
time.
[0053] According to the above arrangement of the
second source electrode 152, the seconddrain electrode
162, the second channel layer 132, and the third channel
layer 133, an internal space surrounded by the second
source electrode 152, the second drain electrode 162,
the second channel layer 132, and the third channel layer
133 may be defined, and a second gate insulating layer
172 and a second gate electrode 192 are arranged in the
internal space.
[0054] The second gate insulating layer 172 may be
formed, e.g., may be conformally formed, along the inner
wall of the internal space surrounded by the second
source electrode 152, the second drain electrode 162,
the second channel layer 132, and the third channel layer
133, and then, the second gate electrode 192 may be
formed in the space surrounded by the second gate
insulating layer 172.
[0055] The method of manufacturing the semiconduc-
tor device according to various example embodiments
includes formingasourceelectrodeandadrainelectrode
that are in contact with a channel layer formed of a 2D
semiconductor material, and after, forming two channel
layers that are in contact with the source electrode and
the drain electrode on the source electrode and the drain
electrode. The above processes may be repeated a
plurality of times. Next, gate insulating layers corre-
sponding to theplurality of channel layersmaybe formed,
and a plurality of gate electrodes may be also formed.
[0056] The method of manufacturing the semiconduc-
tor device according to various example embodiments is
described in detail below.
[0057] FIGS. 3A to 3J are diagrams for describing a
method of manufacturing a semiconductor device, ac-
cording to some example embodiments.
[0058] Referring to FIG. 3A, the first channel layer 131
including a 2D semiconductor material is provisioned.
[0059] The first channel layer 131 may be formed on
the lower insulating layer 120, and the lower insulating
layer 120maybe formedon the lower gate electrode 110.
The lower gate electrode 110 may be formed on a sub-
strate SU.
[0060] The first channel layer 131 may be directly
formed on the lower insulating layer 120, or may be
manufactured on another substrate and then transferred
onto the lower insulating layer 120.

[0061] The 2D semiconductor material included in the
first channel layer 131 may be formed by, for example,
oneormore of ametal organic chemical vapor deposition
(MOCVD) method, atomic layer deposition (ALD) meth-
od, etc. The first channel layer 131 may have a single or
multi-layered structure including the 2D semiconductor
material.
[0062] Referring to FIG. 3B, a metal material layer 140
is formed on the first channel layer 131. The metal
material layer 140 may be formed by, for example, an
electroless plating method and/or a sputtering method.
However, example embodiments are not limited to the
above example.
[0063] Referring to FIG. 3C, a mask pattern layer 145
for patterning themetal material layer 140 is formed. The
mask pattern layer 145 may include, for example, a
photoresist material, and may have a pattern corre-
sponding to a source electrode and a drain electrode
that are to be manufactured. An etching process using
themask pattern layer 145 as amaskmay be performed.
The etching process may include wet-etching and/or dry
etching. After the etching process, when the mask pat-
tern layer 145 is removed, as shown in FIG. 3D, the first
source electrode 151and the first drain electrode 161 are
provided to be in contactwith the upper surface of the first
channel layer 131.
[0064] In FIGS. 3B to 3D, the process of forming the
first sourceelectrode151and thefirst drainelectrode161
is described as a photolithography process as an exam-
ple, but oneormoreembodiments are not limited thereto,
for example, a lift-off process and/or a damascene pro-
cess may be used.
[0065] The lift-off process may include, for example,
forming a mask layer having a pattern corresponding to
an inverse shape of the first source electrode 151and the
first drain electrode 161 that are to be formed on the first
channel layer 131, and forming a metal material layer
entirely on the first channel layer 131 provided with the
mask layer. Next, when the mask layer is removed, the
metalmaterial on themask layer is also removed, and the
structure shown in FIG. 3D may be provided.
[0066] The damascene process may include, for ex-
ample, forming an oxide layer on the first channel layer
131, and then patterning the oxide layer so that the
portions to be in contact with the first source electrode
and the first drain electrode are opened. Next, a metal
material layer is formed on the first channel layer 131 to a
thickness that may entirely cover the patterned oxide
layer and a chemical mechanical polishing (CMP) pro-
cess may be performed.
[0067] Referring to FIG. 3E, the second channel layer
132 is formed on the first source electrode 151 and the
first drain electrode 161. The second channel layer 132
may include one or more 2D semiconductor materials
that is the same as and/or different from 2D semicon-
ductor materials included in the first channel layer 131..
The second channel layer 132 is formed to be suspended
between the first source electrode 151 and the first drain
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electrode 161, and may be formed by transferring a 2D
film that is separately manufactured. Accordingly, a first
internal space H1 surrounded by the first channel layer
131, the first source electrode 151, the first drain elec-
trode 161, and the second channel layer 132 may be
formed.
[0068] Sizes of the first source electrode 151 and the
first drain electrode 161 may be appropriately set so that
the second channel layer 132 is in contact with the first
sourceelectrode151and thefirst drainelectrode161and
may be suspended between the first source electrode
151 and the first drain electrode 161. For example, a sum
of the lengthsof the first sourceelectrode151and the first
drain electrode 161 in the transverse direction (X-direc-
tion) may be greater than the length of the first internal
space H1 in the transverse direction (X-direction).
[0069] The length of the second channel layer 132, for
example, the length in the direction (X-direction) in which
the first source electrode 151 and the first drain electrode
161 are spaced apart from each other, may be similar to
the length (reference length) from a left end of the first
source electrode 151 to a right end of the first drain
electrode 161, or may be greater or less than the refer-
ence length. The length of the second channel layer 132
may be, for example, about 90% to about 110% of the
reference length. However, example embodiments are
not limited thereto, and the lengths shown in thedrawings
are examples.
[0070] Referring to FIG. 3F, the second source elec-
trode 152 and the second drain electrode 162 are formed
on the second channel layer 132. The processes of
forming the second source electrode 152 and the second
drain electrode 162 may be similar to the processes of
forming the first source electrode 151 and the first drain
electrode 161 on the first channel layer 131; however,
example embodiments are not limited thereto. A thick-
ness of the second source electrode 152 and of the
second drain electrode 162 may be the same as, or
greater than, or less than a thickness of the first source
electrode 151 and the first drain electrode 161.
[0071] Referring toFIG. 3G, the third channel layer 133
is formed on the second source electrode 152 and the
second drain electrode 162.
[0072] The third channel layer 133 includes a 2D semi-
conductormaterial. Similarly to the second channel layer
132, the third channel layer 133may be formed through a
transfer process of a 2D film, and may be formed to be
suspended between the second source electrode 152
and the seconddrain electrode162while being in contact
with the upper portions of the second source electrode
152 and the second drain electrode 162. Accordingly, a
second internal space H2 surrounded by the second
channel layer 132, the second source electrode 152,
the second drain electrode 162, and the third channel
layer 133 may be formed.
[0073] An insulating material may be formed confor-
mally on the inner wall of the first internal space H1 and
the inner wall of the second internal space H2, and as

shown in FIG. 3H, the first gate insulating layer 171 and
the second gate insulating layer 172 may be formed. For
example, the first gate insulating layer 171 and the sec-
ond gate insulating layer 172 may be simultaneously
formed through the same manufacturing process. The
first gate insulating layer 171 and the second gate in-
sulating layer 172 may include the same insulating ma-
terial. The first gate insulating layer 171 and the second
gate insulating layer 172 may be formed by the ALD
method. However, one or more embodiments are not
limited to the above example.
[0074] During the process of forming the first gate
insulating layer 171 and the second gate insulating layer
172, the upper insulating layer 180 may be at least
partially formed. The upper insulating layer 180 may
cover the upper surface of the third channel layer 133,
and may be formed to extend to the side portions of the
first source electrode 151, the first drain electrode 161,
the second source electrode 152, and the second drain
electrode 162.
[0075] Twospaces respectively surrounded by the first
gate insulating layer 171 and the second gate insulating
layer 172 are locations where a first gate electrode and a
second gate electrode are to be formed. The thicknesses
of the first gate insulating layer 171 and the second gate
insulating layer 172 may be determined in consideration
of the channel length CL of the channel to be formed.
[0076] Referring to FIG. 3I, the first gate electrode 191
surrounded by the first gate insulating layer 171 and the
second gate electrode 192 surrounded by the second
gate insulating layer 172 are formed. The first gate elec-
trode 191 and the second gate electrode 192 may be
formed by the ALD method and/or a plasma enhanced
CVD (PECVD) process, but are not limited thereto.
[0077] Referring to FIG. 3J, the upper gate electrode
115 is formed on the upper insulating layer 180.
[0078] The semiconductor device 200 manufactured
above has a triple-layered structure, including the first
channel layer 131, the second channel layer 132, and the
third channel layer 133, as shown inFIG. 2 is shownasan
example, but one or more embodiments are not limited
thereto.
[0079] For example, in FIG. 3E, the first gate insulating
layer 171 and the first gate electrode 191 may be formed
to manufacture the semiconductor device 100 as shown
in FIG. 1.
[0080] FIGS. 4A to 4D are diagrams for describing a
method of manufacturing a semiconductor device, ac-
cording to some example embodiments.
[0081] Referring to FIG. 4A, in an additional process to
theprocessofFIG.3G,a third sourceelectrode153anda
third drain electrode 163 are formed on the third channel
layer 133, and a fourth channel layer 134 may be formed
on the third source electrode 153 and the third drain
electrode 163.
[0082] As described above, a first internal space H1
surrounded by the first channel layer 131, the first source
electrode 151, the first drain electrode 161, and the
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second channel layer 132, a second internal space H2
surrounded by the second channel layer 132, the second
source electrode 152, the second drain electrode 162,
and the third channel layer 133, and a third internal space
H3 surrounded by the third channel layer 133, the third
source electrode 153, the third drain electrode 163, and
the fourth channel layer 134 may be provided.
[0083] An insulating material is conformally applied to
inner walls in each of the first to third internal spaces H1,
H2, and H3, and thus, as shown in FIG. 4B, the first gate
insulating layer171, thesecondgate insulating layer172,
and the third gate insulating layer 173 may be formed.
The first gate insulating layer 171, the second gate in-
sulating layer 172, and the third gate insulating layer 173
may be simultaneously formed in the same process. In
addition, at least a part of the upper insulating layer 180
may be formed. The size (e.g., the length and/or width) of
each of the first through third internal spaces H1, H2, and
H3 may be the same as, or different from, each other.
[0084] Referring to FIG. 4C, the first gate electrode
191, the second gate electrode 192, and the third gate
electrode 193 may be formed respectively in the spaces
surrounded by the first gate insulating layer 171, the
second gate insulating layer 172, and the third gate
insulating layer 173.
[0085] Referring to FIG. 4D, the upper gate electrode
115 is formed on the upper insulating layer 180, and thus,
a semiconductor device 300 having a substantial GAA
structure and four channel layers is provided.
[0086] FIG. 5 is a cross-sectional transmission elec-
tron micrograph of a manufactured semiconductor de-
vice.
[0087] A structure in which a 2D semiconductor mate-
rial MoS2 is well in contact with each of the upper and
lower surfaces of the source electrode and the drain
electrode materials is identified.
[0088] The semiconductor device according to various
example embodiments and the semiconductor device
provided according to the manufactured method of var-
ious example embodiments may show improved, e.g.,
excellent electric performance with ultra small structure
and may be applied to an integrated circuit device. The
semiconductor device according to various example em-
bodiments may be utilized as a logic transistor and may
be applied to various electronic apparatuses alongwith a
controller controlling the logic transistor.
[0089] The semiconductor devices 100, 200, and 300
described above may be used in, for example, one or
more of a driving integrated circuit of a display, a com-
plementarymetal oxide semiconductor (CMOS) inverter,
a CMOS SRAM device, a CMOS NAND circuit, and/or
other various electronic apparatuses.
[0090] FIG. 6 is a schematic block diagram of a display
driver integrated circuit (IC) (DDI) 500 and a display
apparatus including theDDI, according to someexample
embodiments.
[0091] Referring to FIG. 6, the DDI 500 may include a
controller 502, a power supply circuit 504, a driver block

506, and a memory block 508. The controller 502 re-
ceives and decodes commands applied from a main
processing unit (MPU) 522, and controls each block in
theDDI 500 for implementing operations according to the
commands. The power supply circuit 504 generates a
driving voltage in response to the control from the con-
troller 502. The driver block 506 drives a display panel
524 by using the driving voltage that is generated by the
power supply circuit 504 in response to the control from
the controller 502. The display panel 524may include, for
example, a liquid crystal display panel, an organic light-
emitting device (OLED) panel, or a plasma display panel.
The memory block 508 is a block for temporarily storing
commands input to the controller 502 or control signals
output from the controller 502, and/or for storing required
or used data, and may include a memory such as one or
more of RAM, ROM, etc. The power supply circuit 504
and the driver block 506 may each include one of the
semiconductor devices 100, 200, and 300 according to
various example embodiments described above with
reference to FIGS. 1 to 4D, or a semiconductor device
modified and combined therefrom.
[0092] FIG. 7 is a circuit diagram of a CMOS inverter
600 according to some example embodiments.
[0093] Referring to FIG. 7, the CMOS inverter 600
includes a CMOS transistor 610. The CMOS transistor
610 includes a PMOS transistor 620 and an NMOS
transistor 630 connected between a power terminal
Vdd and a ground terminal. The CMOS transistor 610
may include one or more of the semiconductor devices
100, 200, and 300 according to various example embodi-
ments described above with reference to FIGS. 1 to 4D,
or a semiconductor devicemodified and combined there-
from. Either or both of the PMOS transistor 620 and the
NMOS transistor 630 may be implemented according to
one or more of the semiconductor devices 100, 200, and
300.
[0094] FIG. 8 is a circuit diagram of a CMOS SRAM
device 700 according to some example embodiments.
[0095] Referring to FIG. 8, the CMOS SRAM device
700 includes a pair of driving transistors 710. The pair of
transistors 710 each include a PMOS transistor 720 and
an NMOS transistor 730 connected between the power
terminal Vdd and the ground terminal. TheCMOSSRAM
device 700 may further include a pair of transfer transis-
tors 740. Sources of the transfer transistors 740 may be
cross-connected to common nodes of the PMOS tran-
sistor 720 and the NMOS transistor 730 forming the
driving transistor 710. The power terminal Vdd is con-
nected to a source of the PMOS transistor 720 and the
ground terminal is connected to a source of the NMOS
transistor 730.Aword lineWLmaybe connected to gates
of the pair of transfer transistor 740, and a bit line BL and
an inverted bit line may be respectively connected to
drains of the pair of transfer transistors 740. At least
one of the driving transistor 710 and the transfer transis-
tor 740 of the CMOS SRAM device 700 may include one
of the semiconductor devices 100, 200, and 300 accord-
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ing to various example embodiments described above
with reference to FIGS. 1 to 4D, or a semiconductor
device modified and combined therefrom.
[0096] FIG. 9 is a circuit diagram of a CMOS NAND
circuit 800 according to some example embodiments.
[0097] Referring toFIG. 9, theCMOSNANDcircuit 800
may include a pair of CMOS transistors to which different
input signals are transferred. The CMOS NAND circuit
800 may include one of the semiconductor devices 100,
200, and 300 according to various example embodi-
ments described above with reference to FIGS. 1 to
4D, or a semiconductor device modified and combined
therefrom.
[0098] FIG. 10 is a block diagram of an electronic
apparatus 900 according to some example embodi-
ments.
[0099] Referring to FIG. 10, the electronic apparatus
900 includesamemory910andamemorycontroller 920.
The memory controller 920 may control the memory 910
in response to a request from a host 930, for reading
and/or writing data from/into the memory 910. At least
one of the memory 910 and the memory controller 920
may include one of the semiconductor devices 100, 200,
and 300 according to various example embodiments
described above with reference to FIGS. 1 to 4D, or a
semiconductor device modified and combined there-
from.
[0100] FIG. 11 is a block diagram of an electronic
apparatus 1000 according to some example embodi-
ments.
[0101] Referring to FIG. 11, the electronic apparatus
1000 may configure a wireless communication device or
a device capable of transmitting and/or receiving infor-
mation under wireless environment. The electronic ap-
paratus 1000 includes a controller 1010, an input/output
device (I/O) 1020, a memory 1030, and a wireless inter-
face 1040, which are connected to one another via a bus
1050.
[0102] The controller 1010may include one or more of
a microprocessor, a digital signal processor, or at least
one of similar processing devices. The I/O 1020 may
include at least one of a keypad, a keyboard, and a
display. The memory 1030 may be used to store com-
mands executed by the controller 1010. For example, the
memory 1030 may be used to store user data. The
electronic apparatus 1000mayuse thewireless interface
1040 for transmitting/receiving data via a wireless com-
munication network. The wireless interface 1040 may
include an antenna and/or a wireless transceiver. In
some embodiments, the electronic apparatus 1000
may be used in a communication interface protocol of
a third-generation communication system, for example,
one or more of code division multiple access (CDMA),
global system for mobile communication (GSM), north
American digital cellular (NADC), extended-time division
multiple access (E-TDMA), and/or wide band code divi-
sion multiple access (WCDMA). The electronic appara-
tus 1000 may include at least one of the semiconductor

devices 100, 200, and 300 according to various example
embodiments described above with reference to FIGS. 1
to 4D, or a semiconductor devicemodified and combined
therefrom.
[0103] The semiconductor device described above
may implement a GAA structure by using a 2D semicon-
ductor material.
[0104] The semiconductor device may be applied to
various electronic apparatuses as a logic transistor.
[0105] According to the method of manufacturing the
semiconductor device as described above, the semicon-
ductor device having improved or excellent contact per-
formances between the 2D semiconductor channel and
the source/drain electrodes may be provided.
[0106] Any of the elements and/or functional blocks
disclosed above may include or be implemented in pro-
cessing circuitry such as hardware including logic cir-
cuits; a hardware/software combination such as a pro-
cessor executing software; or a combination thereof. For
example, the processing circuitry more specifically may
include, but is not limited to, a central processing unit
(CPU), an arithmetic logic unit (ALU), a digital signal
processor, a microcomputer, a field programmable gate
array (FPGA), aSystem-on-Chip (SoC), aprogrammable
logic unit, a microprocessor, application-specific inte-
grated circuit (ASIC), etc. The processing circuitry may
include electrical components such as at least one of
transistors, resistors, capacitors, etc. The processing
circuitrymay include electrical components such as logic
gates including at least one of AND gates, OR gates,
NAND gates, NOT gates, etc.
[0107] When the terms "about" or "substantially" are
used in this specification in connection with a numerical
value, it is intended that the associated numerical value
includes a manufacturing or operational tolerance (e.g.,
±10%) around the stated numerical value. Moreover,
when the words "generally" and "substantially" are used
in connection with geometric shapes, it is intended that
precision of the geometric shape is not required but that
latitude for the shape iswithin the scopeof thedisclosure.
Moreover,when thewords "generally" and "substantially"
are used in connection with material composition, it is
intended that exactitudeof thematerial is not requiredbut
that latitude for the material is within the scope of the
disclosure.
[0108] Further, regardless of whether numerical va-
lues or shapes are modified as "about" or "substantially,"
it will be understood that these values and shapes should
be construed as including amanufacturing or operational
tolerance (e.g., ±10%) around the stated numerical va-
lues or shapes. Thus, while the term "same," "identical,"
or "equal" is used in description of example embodi-
ments, it should be understood that some imprecisions
may exist. Thus, when one element or one numerical
value is referred to as being the sameasanother element
or equal to another numerical value, it should be under-
stood that an element or a numerical value is the sameas
another element or another numerical value within a
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desired manufacturing or operational tolerance range
(e.g., ±10%).
[0109] It should be understood that embodiments de-
scribed herein should be considered in a descriptive
sense only and not for purposes of limitation. Descrip-
tions of features or aspects within each embodiment
should typically be considered as available for other
similar features or aspects in other embodiments. While
one or more embodiments have been described with
reference to the figures, it will be understood by those
of ordinary skill in the art that various changes in formand
details may be made therein without departing from the
scope as defined by the following claims.

Claims

1. A semiconductor device comprising:

a first channel layer and a second channel layer
spaced apart from each other in a first direction,
the first channel layer including a first two-di-
mensional (2D) semiconductor material and the
second channel layer including a second 2D
semiconductormaterial, the second 2Dmaterial
the same as or different from the first 2D semi-
conductor material;
a first sourceelectrodebetween the first channel
layer and the second channel layer to be simul-
taneously in contact with the first channel layer
and the second channel layer;
a first drain electrode between the first channel
layer and the second channel layer to be spaced
apart from the first source electrode in a second
direction that is perpendicular to the first direc-
tion and to be simultaneously in contact with the
first channel layer and the second channel layer;
a first gate electrode in a first internal space
surroundedby the first source electrode, the first
drain electrode, the first channel layer, and the
second channel layer; and
a first gate insulating layer surrounding the first
gate electrode in the first internal space.

2. The semiconductor device of claim 1, further com-
prising:

a lower gate electrode; and
a lower insulating layer between the lower gate
electrode and the first channel layer.

3. The semiconductor device of claim 1 or 2, further
comprising:

an upper gate electrode; and
an upper insulating layer between the upper
gate electrode and the second channel layer.

4. The semiconductor device of any preceding claim,
further comprising:
a third channel layer spaced apart from the second
channel layer in the first direction and including a
third 2D semiconductor material, the third 2D semi-
conductor material the same as or different from the
first 2D semiconductor material and the same as or
different from the first 2D semiconductor material,
and optionally further comprising:

a second source electrode between the second
channel layer and the third channel layer to be
simultaneously in contact with the second chan-
nel layer and the third channel layer;
a second drain electrode between the second
channel layer and the third channel layer to be
spaced apart from the source electrode in a
second direction that is perpendicular to the first
direction and to be simultaneously in contact
with the second channel layer and the third
channel layer;
a second gate electrode in a second internal
space surrounded by the second source elec-
trode, the second drain electrode, the second
channel layer, and the third channel layer; and
a second gate insulating layer surrounding the
second gate electrode in the second internal
space.

5. The semiconductor device of any preceding claim,
wherein the first 2D semiconductormaterial includes
one or more of MoS2, MoSe2, MoTe2, WS2, WSe2,
MoTe2, or PtSe2, and the second 2D semiconductor
material includes one or more of MoS2, MoSe2,
MoTe2, WS2, WSe2, MoTe2, or PtSe2.

6. The semiconductor device of any preceding claim,
wherein either or both the first 2D semiconductor
material and the second 2D semiconductor material
includes a metal element selected from among Mo,
W,Nb,V, Ta, Ti, Zr,Hf, Tc,Re,Cu,Ga, In,Sn,Ge, and
Pbandachalcogenelement selected fromamongS,
Se, and Te.

7. The semiconductor device of any preceding claim,
wherein the first channel layer and the second chan-
nel layer each independently include a double or
triple-layered structure including the respective first
or second 2D semiconductor material.

8. The semiconductor device of any preceding claim,
wherein the first channel layer and the second chan-
nel layer each independently have a thickness of 3
nm or less.

9. The semiconductor device of any preceding claim,
wherein a length of the first gate electrode in a
direction in which the first source electrode and
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the first drain electrode are spaced apart from each
other is 10 nm or less.

10. An electronic apparatus comprising:

a semiconductor device according to any pre-
ceding claim; and
a controller configured to control the semicon-
ductor device.

11. Amethod ofmanufacturing a semiconductor device,
the method comprising:

forming a first channel layer including a first two-
dimensional, 2D, semiconductor material;
forming a first source electrode and a first drain
electrode in contact with the first channel layer
and spaced apart from each other;
forming a second channel layer contact with the
first source electrode and the first drain elec-
trode, spaced apart from the first channel layer,
and includes a second 2D semiconductor ma-
terial that is the sameas or different from the first
2D semiconductor material;
conformally forming a first gate insulating layer
along inner walls of a first internal space sur-
rounded by the first channel layer, the second
channel layer, the first source electrode, and the
first drain electrode; and
forming a first gate electrode in a region sur-
rounded by the first gate insulating layer in the
first internal space.

12. Themethod of claim 11, wherein the second channel
layer is formed to be suspended between the first
source electrode and the first drain electrode by
transferring a 2D film that is separately manufac-
tured.

13. The method of claim 11 or 12, further comprising:

forming an upper insulating layer on the second
channel layer; and
forming an upper gate electrode on the upper
insulating layer, and optionally wherein the
upper insulating layer and the first gate insulat-
ing layer are simultaneously formed in a same
processing step.

14. The method of claim any of claims 11 to 13, further
comprising:

forming a second source electrode and a sec-
ond drain electrode that are in contact with the
second channel layer and spaced apart from
each other; and
forming a third channel layer that is in contact
with the second source electrode and the sec-

ond drain electrode, is spaced apart from the
second channel layer, and includes a third 2D
semiconductor material that is the same as or
different from the first 2D semiconductor materi-
al and the second 2D semiconductor material,
and optionally further comprising:

forming a second gate insulating layer con-
formally along inner walls of a second inter-
nal space surrounded by the second chan-
nel layer, the third channel layer, the second
source electrode, and the second drain
electrode; and
forming a second gate electrode in a region
surrounded by the second gate insulating
layer in the second internal space.

15. The method of claim 14, wherein the first gate in-
sulating layer and the second gate insulating layer
are formed simultaneously in a same processing
step.
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